Intraluminal thrombus (ILT) in abdominal aortic aneurysms (AAA) has potential implications to aneurysm growth and rupture risk; yet, the mechanisms underlying its development remain poorly understood. Some researchers have proposed that ILT development may be driven by biomechanical platelet activation within the AAA, followed by adhesion in regions of low wall shear stress. Studies have investigated wall shear stress levels within AAA, but platelet activation potential (AP) has not been quantified. In this study, patient-specific computational fluid dynamic (CFD) models were used to analyze stressinduced AP within AAA under rest and exercise flow conditions. The analysis was conducted using Lagrangian particle-based and Eulerian continuum-based approaches, and the results were compared. Results indicated that biomechanical platelet activation is unlikely to play a significant role for the conditions considered. No consistent trend was observed in comparing rest and exercise conditions, but the functional dependence of AP on stress magnitude and exposure time can have a large impact on absolute levels of anticipated platelet AP. The Lagrangian method obtained higher peak AP values, although this difference was limited to a small percentage of particles that falls below reported levels of physiologic background platelet activation.
Introduction
AAA disease is characterized by progressive, localized enlargement of the abdominal aorta. It is often accompanied by the growth of ILT, and ILT formation has been linked to both the progression [1] and risk of rupture [2] of AAA. The mechanisms of ILT formation, as well as the influence of ILT on AAA biomechanics, however, are complex and poorly understood [3, 4] .
Experimental [5] [6] [7] [8] [9] and numerical [6, 7, [10] [11] [12] [13] studies have shown that AAA flow is often characterized by a core jet with a surrounding recirculation region. It has been hypothesized that ILT formation may be driven by stress-induced platelet activation and aggregation within the recirculation zone, followed by deposition in regions of low wall shear stress [6, 10, 14] . While several previous studies have investigated AAA wall shear stress levels [10, 11, [14] [15] [16] , platelet activation levels within patient-specific AAA have not been reported.
Experiments have shown that biomechanical platelet activation is a function of both the magnitude and duration of applied stresses [17] [18] [19] . In a meta-analysis of previous experimental studies, Hellums et al. [20] plotted an activation locus that showed a power law relationship between threshold stress and exposure time, and Giersiepen et al. [21] developed a model based on similar results. These early experiments were conducted under constant shear conditions; application of the observed activation thresholds to more dynamic flow conditions experienced by platelets in vivo remains uncertain. Bluestein et al. [22] proposed that platelet activation level could be approximated by a linear stressexposure time model. Later publications have used power law models to better reflect the results of experimental studies [23] [24] [25] [26] . It has been shown that these models can give rise to mathematical and physical inconsistencies [27] , although a more complex dose-based power law model has been developed to avoid these problems [28] . Recently, Soares et al. [29] and Sheriff et al. [30] have developed models that incorporate time history of stress, current stress, and rate of change of stress, and fit the model constants to experimental data covering a range of shear stress waveforms.
Previous studies of biomechanical platelet activation have typically modeled platelets as either infinitesimal [22, 23, 25, [31] [32] [33] or finite-sized [26, [34] [35] [36] [37] [38] particles. In either case, Lagrangian particle tracking of the position and stress histories of individual platelet surrogates in the flow is used. In the medium to large arteries, tens of millions to billions of platelets can pass through the artery each second [39] , making direct tracking of physiological platelet counts computationally infeasible in such domains. Instead, some researchers have utilized an Eulerian framework, in which concentrations of activated platelets are tracked as a continuum quantity [40] [41] [42] [43] [44] . To date, these Eulerian frameworks have been applied to the biochemical activation of platelets, and use of such methods to investigate biomechanical activation has been less explored.
This study seeks to better quantify the potential for biomechanical platelet activation in AAA under different physiologic states, as well as potential discrepancies between continuum and discrete particle modeling of platelet transport. To this end, patientspecific CFD simulations were used to quantitatively investigate the potential for biomechanical platelet activation in AAA. Platelets were modeled using both Lagrangian particle tracking and Eulerian continuum approaches, and the results of these two methods were compared. Since hemodynamic conditions in a patient can vary considerably due to normal diurnal changes in physiology, and more specifically because lower-body exercise is a proposed therapy for patients suffering from AAA [45, 46] , both rest and exercise hemodynamic conditions were considered. Moreover, although exercise has been shown to reduce particle residence time inside AAA [47] , it also increases hemodynamic stress levels [11] . Since platelet AP depends on both stress magnitude and duration, and these two effects may counteract each other, numerical methods offer a powerful tool to investigate the net effect of complex hemodynamics on AP.
Methods
This study considered five patients with small AAA (3 cm < dia < 5 cm). Image-based CFD methods were used to obtain velocity fields within the abdominal aorta under rest and exercise conditions. These data were then postprocessed using Lagrangian and Eulerian computational techniques to determine platelet activation levels.
2.1 Image-Based CFD. The SIMVASCULAR software package 1 was used to construct three-dimensional models of the abdominal aorta and surrounding arteries from magnetic resonance imaging (MRI) angiography (cf. Fig. 1 ). The resulting geometric models were used as computational domains for simulation of blood flow dynamics. Blood was modeled as an incompressible, Newtonian fluid ðq ¼ 1:06 gcm À3 ; l ¼ 0:04 PÞ by the Navier-Stokes equations, which were solved using a stabilized finite element method [48, 49] .
The vessel wall was modeled as rigid with a no-slip boundary condition. For rest, patient-specific inflow boundary conditions were set by mapping two-dimensional phase-contrast (PC)-MRI data to a Womersley profile at the supraceliac aorta. The inflow boundary condition, and corresponding PC-MRI measurement, was chosen well upstream of the aneurysm to ensure that flow features developed in the aneurysm resulted from local vascular morphology in order to mitigate errors resulting from specification of the inflow profile. Three-element Windkessel models were applied at the outlets and tuned as described by Les et al. [11] . Briefly, infrarenal PC-MRI data was used to tune resistances so that physiological flow distribution between the aneurysm and suprarenal arteries (celiac, superior mesenteric, and renal arteries) was achieved. Capacitances were tuned so that the pressure pulse in the model fit the measured brachial pressure pulse.
For the exercise condition, boundary conditions were modified as described by Les et al. [11] . Namely, the duration of diastole was shortened to increase the heart rate by 50%, and outflow resistances were changed to impose a 444% increase in infrarenal flow and 21% decrease in upper body flow [50] . Capacitances for the outflow boundary conditions were recalculated using the new waveforms and physiological exercise blood pressures [51] .
The models were meshed using linear tetrahedral elements with a maximum edge size of 500 lm according to the results of previous mesh independence studies [11] , resulting in final mesh sizes of Oð10MÞ elements. Simulations were run to convergence as determined by periodicity of the pressure waves. Only the five cardiac cycles following convergence were retained for postprocessing. These five cycles were repeated periodically for the platelet activation computations that spanned beyond five cycles.
Lagrangian Approach.
The Lagrangian approach for the measurement of platelet activation was based on the modeling of individual platelets as infinitesimal particles [52] . Particle trajectories were governed by _ xðtÞ ¼ uðx; tÞ (1) where u was the fluid field velocity obtained from CFD. A domain of interest X was defined to encompass the entire aneurysmal region (Fig. 1 ). Particles were released at the inlet plane in a manner that ensured a uniform influx [53] . Namely, particles were initially seeded uniformly across the inlet plane with 200 lm spacing. Subsequently, the reseeding rate at each location was determined by the local flow rate in space and time as to maintain a uniform influx concentration. In each case, several million particles were integrated resulting in particle concentrations of approximately 150,000 per cm 3 based on the results of a convergence study, which showed that 99.9th percentile AP levels changed by less than 1% when particle concentration was doubled. To isolate the effect of platelet activation within the aneurysm, particles were tracked from their initial seeding locations until they exited X.
The Lagrangian AP / L for each particle was based on a linear stress-exposure time model
where N is the total number of time steps the particle spends in X, Dt is the length of each time step used for integration of Eq. (1), and s is a scalar stress value defined below. Particles were continuously seeded and tracked until peak values of / L became periodic, at which point quantification of AP was performed as described below. Shadden and Hendababi [33] proposed a metric for platelet AP based on the Frobenius norm of the rate of deformation tensor Transactions of the ASME
where e is the rate of deformation tensor, given by eðx; tÞ ¼ 1 2 ruðx; tÞ þ ruðx; tÞ
According to the Newtonian approximation, the deviatoric stress tensor in a fluid is given by s ¼ 2le, where l is the dynamic viscosity. Incorporating the Frobenius norm, and setting the value of s in an arbitrary flow equal to the stress in simple shear, the scalar stress becomes
It can be shown that in an incompressible fluid this scalar stress value is equivalent to the von Mises stress-based metric used by other researchers in platelet AP studies [25, 29, 35, 54] . Equation (2) does not provide a meaningful visualization of the results, due to the dependence of / on initial location and time of particle release. It is desirable to have a measure of AP that can distinguish regions prone to higher levels of activation. To enable calculation of such a measure within the Lagrangian framework, the aneurysmal domain X was divided into subdomains X i corresponding to the cells used in the finite element analysis, such that
where N X is the total number of subdomains. Once convergence of peak values was obtained, time-averaged AP was then calculated over one cardiac cycle for each subdomain as an average of the contributions of all platelets visiting the subdomain
where SðX i ; t j Þ ¼ fkjxðt j ; x k 0 ; t k 0 Þ 2 X i g is the set of particles in X i at time t j , |S| is the size of this set, N t is the number of time steps in the cycle, and/ðt j ; x k 0 ; t k 0 Þ is the activation level for particle k from time t 0 until time t j .
Eulerian Approach.
In the Eulerian approach, platelet activation level / E was modeled as a continuum quantity using a reaction-advection-diffusion equation @/ E ðx; tÞ @t ¼ Àuðx; tÞ Á r/ E ðx; tÞ þ r Á jr/ E ðx; tÞ þ gðx; tÞ (8) where j is platelet diffusivity and gðx; tÞ is the local platelet activation rate. For the linear stress-exposure time model, gðx; tÞ ¼ sðx; tÞ. To isolate the effect of platelet activation within the aneurysm, the local activation rate was defined as gðx; tÞ ¼ sðx; tÞ; x 2 X 0;
The value of j for platelets depends not only on the Brownian motion of the platelets, but also on the influence of shear rate and red blood cell interactions [40] . Even with upper-bounds estimates for j, the Peclet numbers in the regions of interest in this study were on the order of 10 6 -10 7 , indicating diffusion has a negligible role. Indeed, preliminary studies confirmed that realistic levels for platelet diffusion had no perceptible influence on results, so the value of j was set to zero for simplification. Equation (8) 
supraceliac aorta inlet. A Neumann zero flux boundary condition was applied at all other surfaces. The homogenous Neumann boundary condition was also applied at the flow outlets, as it was assumed that these boundaries were far enough away from the activation region such that r/ E was negligibly small. An initial condition of / E ðx; 0Þ ¼ 0 was imposed throughout the domain.
To
so that both Eulerian (11) and Lagrangian (7) time-averaged AP fields were defined at each finite element X i . 
Additional Models. A power law model for AP of the form
in place of Eq. (9). Additionally, the Soares model [29] was implemented within the Eulerian framework. The contribution of the stress rate term was assumed to be negligibly small, so the reaction term for this model took the form
where g S represents the reaction term for / s , the fraction of activated platelets, and / is the previously determined linear stressexposure time AP. All other terms are constants, and were assigned the values experimentally determined by Soares et al. [29] (all units cgs): S r ¼ 1:5701 Â 10 À7 ; C ¼ 1:4854 Â 10 À7 ; a ¼ 1:4854, and b ¼ 1.4401. This model requires an initial concentration of activated platelets. The equilibrium background level of activated platelets has been estimated at between 1% and 20% [40] ; a value of 5% was tested in this study. This value for / S was assigned as an initial condition throughout the computational domain, as well as a Dirichlet boundary condition on the supraceliac aorta inlet.
Statistical Methods.
Volume-weighted probability density and complementary cumulative distribution functions (CCDF) were calculated from the time-averaged AP results to facilitate a quantitative comparison between the Lagrangian and Eulerian methods. All reported p-values were obtained using two-sided paired Student's t-tests. Table 1 lists the number of cardiac cycles to convergence of peak AP for each patient. In all cases, the Lagrangian method took more than 2.5 Â more cycles to converge than the Eulerian method. The time to convergence for the rest condition was more than twice as long as the exercise condition for all patients with the exception of patient 1. Patient 5, rest condition, required more than twice as long as any other case to reach convergence with both the Lagrangian and Eulerian methods.
Results
AP results using the linear stress-exposure time model are listed in Table 2 . Peak values were 387% 6 43% (mean 6 SD) higher when using the Lagrangian method (p < 0.001), however the much higher peak values in the Lagrangian method were limited to relatively few platelets. For example, the 99th percentile values were only 25% 6 22% (p ¼ 0.02) higher with the Lagrangian method. Moderate exercise caused a 3% 6 31% (p ¼ 0.94) increase in peak AP based on the Lagrangian results, and a 7% 6 27% (p ¼ 0.76) increase based on the Eulerian results. Both methods obtained similar primary modes for all patients. Excluding the results from patient 1, exercise condition, which had a mode at zero, the Lagrangian method measured primary modes 0% 6 6% (p ¼ 0.92) higher than the Eulerian method.
The power law model was applied to patient 1 only. This model showed that exercise conditions increased peak AP from 540 to 11998 using the Lagrangian method, and from 333 to 1103 using the Eulerian method (all units cgs). The 99th percentile Lagrangian values were 111 and 1108 for rest and exercise, respectively.
Examination of the PDF (Fig. 2) and CCDF ( Fig. 3) for / revealed relative agreement between the results of the two methods with both the linear and power law models. Results were qualitatively similar between rest and exercise conditions, except for patient 1 who demonstrated a substantial increase in probability of elevated AP levels during exercise versus rest, especially with the power law model. It is also interesting to note that the PDF for patient 5 was distinctly bimodal, perhaps corresponding to the apparent bilobed aneurysm.
Figures 4-9 show volume renderings of time-averaged APs. The two methods show similar topological features for all patients, although peak values appear to be slightly higher with the Lagrangian method consistent with results in Table 2 . Regions of high AP seem to be quite coherent and localized in all patients.
With the exception of patient 1, activation levels typically appeared higher on the distal half of the aneurysm.
Discussion
Herein we considered the stress-histories of particles passing through small to medium sized (3-5 cm dia.) AAA under both simulated rest and exercise flow conditions. These aneurysms were mostly thrombus free, and were of a size where thrombus burden typically begins to develop [56] . The maximum value for platelet AP in any patient, based on the linear stress-activation time model, was 52 dyn s cm À2 . While the Hellums et al. [20] locus does not show a linear relationship between threshold stress and exposure time, it can be used to establish a lower bound for AP threshold. At physiological levels of shear stress in aortic flows ð<100 dyn s cm À2 Þ, the Hellums locus gives an AP threshold of at least 10 4 dyn s cm À2 . This is orders of magnitude higher than the values obtained in this study. Similar conclusions can be drawn from the power law model. The peak value obtained using the power law model was 1.2 Â 10 5 (cgs units). This value can be compared to the Hellums locus, which gives a threshold of 3 Â 10 6 . Similarly, tests with the Soares model showed that levels of newly activated platelets within the aneurysm were less than 1% of background levels. These results indicate that-at least for the specific AAA geometries and flow conditions considered in this study-biomechanical platelet activation does not likely play a significant role in thrombus formation, and that other mechanisms such as biochemical activation should be considered.
Peak AP levels obtained using the Lagrangian method were significantly higher than their counterparts obtained using the Eulerian method. However, less than 1% of particles were the cause of this specific discrepancy, and otherwise the two distributions of activation level were in good agreement. Convergence of AP values was lower with the Lagrangian method, although this discrepancy was again limited to very few platelets, and the probability distribution functions converged much more quickly.
Because of the complexity of the flow field in AAA, particle trajectories are chaotic in nature. It is expected that there may be a small set of initial conditions whose trajectories have excessively long residence times, which is consistent with longer convergence times for the Lagrangian computations. Examples include those whose trajectory places them very close to the wall where velocity is near zero, or near invariant manifolds [57, 58] that have accumulation points on the wall. Both cases are where deviatoric stress tends to be highest [33] . In theory, trajectories that have accumulation points on the wall can have infinite residence time, although these sets are zero measure. However, trajectories initialized very close to such zero measure sets can have similar "singular" behavior. This is less pronounced in the Eulerian method because the continuum model inherently smooths subgrid scale behavior, as well as adds numerical (and physical) diffusion. Likewise, this smoothing effect in the Eulerian method provides a higher concentration of platelets at the modal values; hence the concentrations at the modal values are consistently higher in the Eulerian method than Lagrangian method, as shown in Fig. 2 . While the Lagrangian method may better capture the accumulated stress histories of individual platelets, the validity of using an Eulerian continuum method to analyze biomechanical platelet activation depends on whether or not these extreme values are considered significant. Estimates from the literature for background levels of platelet activation under normal conditions range from 1% to 20% [40] . Since the main disparity between values obtained using the Lagrangian and Eulerian methods was limited to approximately 1% of all platelets, and otherwise the two distributions of activation level were in good agreement, it can be argued that even if the Eulerian method underestimates the activation level of a small number of platelets, this error is negligible compared to expected background levels of activated platelets.
Using the linear stress-exposure time model, peak activation levels for exercise conditions were all within 50% of the values obtained under rest conditions. With the power law model, exercise levels were up to 20 times higher. This difference emphasizes the dependance on model choice when stress duration and magnitude are competing influences, as is typically the case in cardiovascular flows. In nearly all regions of altered hemodynamic conditions, including aneurysms and stenoses, an increased flow rate will lead to higher shear stresses along with decreased residence times. The effect of this competition between stress duration and magnitude is complex and patient-specific, as indicated by the lack of a consistent trend between the rest and exercise results with the linear model. The purpose of this study is not to determine which AP model is "better," but rather to determine if either model would predict mechanical activation in physiologically realistic AAA flow conditions. Analysis of AP in this work was limited to an isolated region of interest, i.e., the aneurysm. This may have led to an underestimation of actual integrated stress states on platelets inside the aneurysm, since platelets entering the aneurysm will have some previous stress history. Nonetheless, the goal of this study was to investigate the potential role of biomechanical platelet activation within AAA. Therefore the exclusion of prior stress history allowed for the isolation of these effects. Additionally, there is evidence that antithrombotic agents released from healthy endothelial tissue act to suppress platelet activation and adhesion outside of the aneurysm [14, 59] .
Both the Lagrangian and Eulerian models in this study assumed that blood was a continuum for purposes of deriving the velocity and rate of strain tensor fields. In reality, blood is a suspension of approximately 40% red blood cells. While the continuum approximation may provide an adequate description of the blood flow dynamics at the macroscale, using this information to attempt to resolve the local stresses exerted on individual platelets may introduce some error to the model. At this scale, the stresses are likely to include both viscous stresses from the plasma and local interaction forces with red blood cells. A continuum model is consistent with most platelet activation experiments, which are typically conducted using platelet-rich plasma in the absence of red blood cells. How these stresses correlate to those exerted on platelets under in vivo conditions in the presence of red blood cells is not well understood.
Blood was approximated as a Newtonian fluid even though blood is known to have complex rheology. The differences and tradeoffs between using a Newtonian versus non-Newtonian model in large artery flow simulations have been considered in several prior studies, and reviewed in Ref. [60] . We have tested non-Newtonian models in prior AAA flow modeling studies and have found that differences in the velocity field resulting from commonly employed rheological models are minor compared to differences in the velocity field resulting from inter-patient variation in aneurysm shape, volumetric flow, or heart rate. These differences have all been considered herein. Moreover, the results indicate that the accumulated stress histories were orders of magnitude lower than those generally expected to induce platelet activation. This finding is unlikely to change due to physiologic variations in rheology.
Particles were seeded uniformly across the inlet plane in the Lagrangian method. There is evidence that platelets congregate toward the walls of smaller blood vessels. In larger vessels, however, these effects are expected to be minimal [61] because the flow is complex and highly three-dimensional. In any case, the levels of AP in this study were orders of magnitude lower than the expected thresholds, and it is unlikely that the seeding distribution will affect this conclusion.
